INTRODUCTION
Within the family Flaviviridae , several vector-transmitted pathogens exist that cause significant disease in both humans and animals on every continent except Antarctica. 1 Because of their complex and diverse lifecycles, often involving multiple species of reservoir hosts and mosquito vectors, these viruses tend to be very adaptable to nearly any climate, and after established, they are virtually impossible to eradicate. Japanese encephalitis virus (JEV) is one such pathogen. It is the leading cause of viral encephalitis in humans worldwide, and it is responsible for more than 30,000 cases of human disease each year and up to 25% mortality, many of those in children under 12 years old. [2] [3] [4] JEV is also a significant pathogen of horses, causing death from encephalitis in as many as 40% of clinical cases. 2 The endemic cycle of JEV allows it to circulate between ardeid birds, culicine mosquitoes, and domestic pigs, but during epidemic years, the spillover into humans and horses can have disastrous consequences. 5 Although JEV has historically been found only in Southeast Asia, Japan, India, and China, in the early 1990s, it was isolated for the first time in the Torres Strait and mainland Australia, putting it on the global radar as a potential emerging infectious disease. 6, 7 There exist five genetically distinct genotypes of JEV, three of which are associated with the endemic cycle (II, IV, and V), whereas the other two (I and III) are culpable in epidemics. 8, 9 Significant differences in virulence or pathogenicity have not been detected between the two epidemic genotypes, but there has been a recent trend to more outbreaks of genotype I versus the traditionally isolated genotype III. [10] [11] [12] The recent emergence and establishment in North America of a related pathogen, West Nile virus (WNV), has led scientists and the public alike to consider the probability of other exotic arboviruses like JEV being introduced into this country and the extent that prior infection with endemic flaviviruses like WNV and St. Louis encephalitis virus (SLEV) might alter the course of infection by JEV in susceptible hosts. [13] [14] [15] JEV, WNV, and SLEV are all in the JEV serocomplex of flaviviruses, which potentially allows for some cross-reactivity in host immune response. 16, 17 Indeed, previous studies have shown that immunity to JEV can protect against fatal WNV infection in mice, hamsters, pigs, and bonnet macaques. [18] [19] [20] [21] [22] These viruses also have in common the use of multiple bird species as reservoir hosts, and WNV, like JEV, is a serious pathogen of horses. 2, 23 The hypothesis investigated in the experiments reported here is that immunity against heterologous flaviviruses would provide protection against JEV in mammalian hosts. A hamster model was used to evaluate several flaviviruses and flaviviral vaccines for their ability to induce protective immunity against infection by JEV. We also examined the ability of passively transferred anti-JEV or anti-WNV antiserum to protect against JEV infection. Cross-protective immunity could be a significant factor in altering the course of an outbreak of JEV in the United States. Although the level of immunity in populations with high turnover rates and annual births, such as occurs in birds, is likely to be too low to have a significant effect on virus circulation, in hosts such as horses for whom annual vaccinations are prescribed, the majority could have some level of acquired immunity. If there is clear indication that prior immunity to similar viruses has the ability to prevent JEV infection and disease in susceptible hosts such as horses and humans, the response necessary in the event of an outbreak could be significantly diminished because of established herd immunity.
MATERIALS AND METHODS
Viruses. Two strains of JEV were used. The first, strain 826309 (hereafter, JE:8J), is an isolate from a human brain in India, and it was passaged two times in suckling mice and two times in Vero cells. The second virus was isolated from a Culex tritaeniorhynchus mosquito in Vietnam, and it was passaged one time in suckling mice and one time in Vero cells (JE:VN) before use. Molecular sequencing of the premembrane (prM) region of the genomes of the two JE viruses revealed that JE:8J is a genotype III strain and JE:VN is a genotype I strain (Bosco-Lauth A , unpublished data). WNV strain NY99-4132 was isolated from an American crow and passaged one time in Vero cells, one time in C6/36 mosquito cells, and one time in baby hamster kidney-21 cells. The other viruses used were SLEV strain TBH28, yellow fever virus (YFV) strain 17D, and Sindbis virus strain AR339. YFV is a flavivirus in the Yellow fever virus serogroup and is less closely related to those viruses in the JEV serocomplex. Sindbis virus is an alphavirus belonging to the Togaviridae family, and it was included as a control for non-specific antiviral immunity.
Animals. Golden hamsters 8-10 weeks of age were purchased from Charles River Laboratories. The animals were housed in cages of no more than four, were fed a diet of commercial rodent chow, and had free access to water. All animal care was in compliance with National Institutes of Health guidelines for the Humane Care Use of Laboratory Animals, Wilmington, MA.
Vaccines. Two WNV vaccines were used to immunize groups of hamsters: Recombitek WNV vaccine (lot number 54027; Merial Ltd., Deluth, GA) and Prevenile WNV vaccine (lot number 07966003; Intervet, Inc., Summit, NJ). The Recombitek vaccine (referred to hereafter as canarypox WNV) is a recombinant live virus vaccine in which the prM and E genes from WNV are inserted into the canarypox genome. The Prevenile vaccine (referred to hereafter as chimeric WNV) is a chimeric vaccine based on a 17D YFV backbone with the prM and E genes replaced by those from WNV. Pooled normal sera and immune sera from hamsters infected previously with WNV or JEV were used for passive immunization experiments. The two immune sera had 90% neutralizing titers of 640 against homologous virus, whereas the control antisera had a 50% neutralization titer of < 10 against JEV.
Virus titration and serology. Titers of virus in sera and tissue homogenates were determined by plaque assay on Vero cells, as previously described. 24 Neutralizing antibody titers were determined using plaque reduction neutralization assays (PRNT) as previously described.
25
Statistical analysis. Differences in titer of JEV viremia among groups of hamsters with different vaccinations and pre-JEV inoculation infections were compared using χ 2 values from 2 × n contingency tables with StatCrunch software ( www .statcrunch.com ). Peak viremias among groups were then compared overall and individually using a pair-wise approach with Kruskal-Wallis non-parametric tests on StatCrunch. This non-parametric approach was used, because the data did not meet the normality assumption required for parametric tests. Differences were considered statistically significant at α ≤ 0.05 with 95% confidence intervals.
Experimental design: hamster model development and pathogenesis. Twelve male and twelve female hamsters were inoculated subcutaneously (SC) with 10 4 plaque-forming units (pfu) of JEV in 0.1 mL; one-half of the animals of each gender received JE:8J virus, and the other one-half received JE:VN virus. Blood samples (100 μL) were collected by saphenous venipuncture one time daily for 5 days post-infection (DPI) and mixed with 0.45 mL BA-1 (M199-Hank's salts, 1% bovine serum albumin, 350 mg/L sodium bicarbonate, 100 units/mL penicillin, 100 μg/mL streptomycin, 2.5 μg/mL amphotericin B in 0.05 M Tris, pH 7.6) supplemented with 10% fetal bovine serum to yield a solution of approximately 10% serum. Blood samples were maintained at room temperature for 15-30 minutes and then centrifuged at 12,000 × g for 2.5 minutes, and the supernates were recovered and frozen to −80°C until assay. On days 2, 4, 6, 8, 12, and 16 post-inoculation, one male and one female hamster inoculated with each JEV strain were euthanized and necropsied, and samples of brain, heart, lungs, liver, spleen, kidney, muscle, gonads, and intestine were collected. One-half of each organ was fixed in neutral buffered formalin and subsequently embedded and sectioned to prepare hematox ylin & eosin-stained sections for histopathology. The other one-half of each organ was frozen to −80°C and later homogenized in BA-1 to prepare 10% suspensions, which were assayed for virus concentration by plaque assay on Vero cells. Sera collected on or after day 8 post-infection were assayed for neutralizing antibody.
Experimental design: cross-protective immunity to JEV. Antiviral immunity was induced by virus infection or administration of vaccines. Groups of hamsters were inoculated SC with 0.1 mL WNV (10 5 pfu), SLEV (10 5 pfu), YFV (5 × 10 4 pfu), or Sindbis virus (2 × 10 4 pfu). Additional groups of hamsters were vaccinated intramuscularly (IM) with canarypox WNV vaccine (full dose as recommended for horses but reconstituted into 0.3 mL diluent) or chimeric WNV vaccine (one-half dose reconstituted into 0.3 mL diluent). Eight hamsters from each of the groups that received a vaccine virus were given a booster dose 2 weeks after the initial dose. One final group (naïve hamsters) consisted of animals that were neither vaccinated nor infected before JEV challenge. Twenty-eight days after the initial vaccination or infection, hamsters were bled, and serum used to determine antibody levels; they were then infected SC with 10 4 pfu of JEV in 0.1 mL. Blood (100 μL) was collected by saphenous puncture into 0.45 mL BA-1 one time daily for 5 DPI to provide roughly 10% serum. Hamsters were euthanized, and serum was collected 14 DPI.
Experimental design: protection by passive transfer. Antiviral immunity was induced by passive transfer of immune sera against either JEV or WNV. Groups of hamsters were injected intraperitoneally with 0.2 mL immune or control serum. One day later, blood was collected to determine antibody concentration. Using techniques described above, the animals were then inoculated with JEV and bled daily for 5 days to characterize viremia; they were then euthanized.
RESULTS

Pathogenesis of JEV infection in hamsters.
None of the hamsters inoculated with either strain of JEV developed detectable clinical disease. Of 24 inoculated hamsters, 23 developed viremia by 2 DPI, with peak titers on day 3 ( Table 1 ) . Viremia was not detected after day 5 in any animal. Although virus was isolated from a variety of organs within the first 6 days after inoculation, histopathological lesions attributable to JEV infection were limited to the brain. The most prevalent histopathological finding was moderate to severe non-suppurative meningoencephalitis, with diffuse inflammation of the brain and leptomeninges extending into the subarachnoid space ( Figure 1 ). This lesion was observed in tissues from one hamster euthanized 6 DPI and was found in the brains of all but two hamsters euthanized 8 DPI or later. There was no apparent difference in lesion occurrence or severity between animals infected with the two strains of JEV. Four hamsters had mild splenic follicular expansion at days 12 or 16 post-inoculation, likely a hyperplastic response to virus infection, and one hamster had mild hepatitis but no other pathology; these lesions were unlikely associated with JEV infection.
Cross-protective immunity. Before JEV challenge, adverse effects of virus infection or immunization were not observed except in hamsters infected with WNV, where a total of 4 of 15 animals were euthanized or died, which is similar to what we have observed in other experiments with WNV and hamsters (unpublished data). Thus, only 11 hamsters previously infected with WNV were included in the JEV challenge.
All of the hamsters infected with WNV or SLEV were viremic 3 days post-inoculation, and none of these animals developed viremia in response to JEV challenge. Similarly, hamsters immunized with either one or two doses of chimeric WNV vaccine also failed to become viremic after exposure to JEV. The canarypox WNV vaccine was only partially protective against JEV; 15 of 20 immunized hamsters developed JEV viremia, and there was not a significant difference among the groups that received one versus two doses of vaccine ( P > 0.1). As anticipated, immunization with the yellow fever 17D vaccine virus also failed to protect, with 12 of 14 hamsters developing JEV viremia, and there was no difference between groups receiving one and two doses. Sindbis virus was used to rule out the possibility of a generic antiviral response as the primary cause of immunity, and 4 of 5 animals infected with Sindbis became viremic after JEV challenge. A summary of results is presented in Table 2 .
After JEV challenge, one naïve hamster and one hamster previously infected with Sindbis virus died 10 DPI. In the naïve group, two hamsters failed to develop viremia or serologic response to JEV infection; every other hamster infected with JEV had neutralizing antibody titers greater than 10 by 14 DPI. It is noteworthy that the anti-WNV antibody response to the initial viral infection/vaccination did not necessarily predict whether subsequent JEV infection would occur ( Table 2 ) . Throughout this study, no clinical differences between JEV genotypes were observed, which is consistent with observations during human and horse outbreaks. 26, 27 Peak viremia among infected/vaccinated animals was compared to evaluate whether there were significant differences in levels of JEV viremia because of pre-exposure immune status ( Table 3 ) . Overall, there was a significant difference in viremic response when all groups were compared together ( P < 0.0001). The control hamsters and those infected with Sindbis virus had equivalent JEV viremia ( P = 0.54); all other vaccinated groups that developed infection had significantly lower viremia compared with the naïve controls ( P < 0.05). Those hamsters infected or vaccinated with Sindbis virus, YFV, or canarypox WNV all developed similar peak JEV titers ( P > 0.05), indicating a lack of statistical difference among these groups. The chimeric WNV vaccinates and the hamsters infected with virulent WNV or SLEV all failed to develop JEV viremia.
Passive transfer. Zero of six hamsters injected with serum containing anti-JEV antibodies became viremic. However, the anti-WNV serum protected only three of six hamsters from JEV viremia, and five of six hamsters from the control group developed viremia in response to JEV infection. Signs of illness or adverse reactions were not observed in any of the hamsters, and there were no differences in virulence or magnitude of viremia between the two strains of JEV. These results are consistent with previous research, indicating that passive transfer of neutralizing antibodies is more protective against homologous versus heterologous viruses and can be useful in prophylactic treatment of JEV infection if administered rapidly after exposure. [28] [29] [30] 
DISCUSSION
The most frequently used animal models for JEV infection are mice and primates; however, adult mice are often resistant to parenteral infection, and primates are expensive and quite difficult to work with. 31 One purpose of this study was to investigate the potential of adult Golden hamsters as a useful model for JEV infection, including vaccine efficacy trials. The results presented here indicate that a high proportion of mature hamsters infected by SC inoculation with either epidemic genotype of JEV become viremic and developed encephalitic lesions but failed to display overt clinical signs of disease. A large majority of humans infected with JEV also fail to develop significant clinical disease. 31 Peak viremia was not different between the two genotypes. Considering their outbred nature and ease of handling, hamsters may well be a good substitute for mice in a variety of JEV-related studies.
To further characterize the hamster model of JEV infection, we addressed the question of how well immunity to WNV or other flaviviruses would protect against JEV. As expected, recent infection of hamsters with either WNV or SLEV totally prevented development of viremia after JEV challenge, whereas similar infection with YFV or Sindbis virus failed to prevent JEV viremia. Furthermore, vaccination using a commercially available chimeric WNV vaccine completely protected hamsters from infection with JEV. The other commercial WNV vaccine tested, canarypox WNV, was much less efficacious in preventing JEV viremia, but the reasons for this divergence remain unclear. As with the pathogenesis experiment, no differences were observed between the two genotypes of JEV. Pathogenesis of JEV infection in hamsters may not perfectly model the disease in humans, horses, or other susceptible hosts, but the presence of meningoencephalitis in the brains of hamsters that cleared infection and outwardly appeared normal is similar to what is observed in other flaviviral infections in natural hosts. In humans, as many as 50% of survivors of clinical JE have permanent neurological damage, and the range of abnormalities suggest that encephalitis is not focused in specific regions but is diffuse and can lead to motor problems, speech impediments, and mental retardation. 27, [32] [33] [34] We have found it difficult to reliably evaluate neurologic disease in hamsters.
A final demonstration of cross-protective flaviviral immunity using this hamster model showed that passive transfer of JEV antibodies 24 hours before JEV infection protects completely against JEV infection, whereas administration of antiserum to WNV was only partially protective against JEV infection. The homologous neutralizing titers of both antisera were the same, confirming assumptions that heterologous immunity is less effective than homologous.
Flaviviruses are a large and diverse group of viruses, many of which can cause significant disease in humans and animals. Historically, the JEV serocomplex viruses have clustered in geographically distinct locations, but the recent spread and emergence of JEV into Australia and WNV into North and South America has increased the concern that these niches are not necessarily separate. 16, 35 Vector distribution and competence are likely contributors to the regional differences between these viruses, but their ability to induce crossprotective immunity against each other may also impact their propensity to spread to novel locations. Australia has seen several instances of JEV infection, but it does not seem to have become well-established on the mainland; however, Murray Valley encephalitis virus, another in the JEV serocomplex, is a constant threat there. 13, 36 There is every reason to believe that JEV will, at some point, be introduced into North America, where WNV and SLEV are endemic. The question is to what extent immunity to these closely related flaviviruses would mitigate an incursion of JEV.
Neutralizing antibodies to WNV in birds, horses, and rodents have been detected after both symptomatic and unapparent infections, 22, 37, 38 and the experiments in this study indicated that the antibodies produced against WNV and SLEV protected against JEV infection. It is, thus, likely that heterologous immunity in humans and horses would similarly protect against JEV infection. Considering that a very large fraction of horses in the United States are vaccinated annually against WNV, the results of this study suggest that they would be at least partially protected against JEV, although further testing needs to be done to confirm such a hypothesis.
Protection from secondary infection by heterologous flaviviruses has been shown many times for WNV, SLEV, MVEV, and JEV in a variety of species, including bonnet macaques, pigs, and laboratory rodents. 18, 19, 21, 22, 39 Although laboratory animals are useful models, it is important to examine parallel effects in the natural hosts of disease as well, which, in the case of JEV, includes birds. Prior research has shown that a variety of bird species in the United States could serve as reservoirs for JEV, including red-winged blackbirds, tri-colored blackbirds, European sparrows, and house finches. 40, 41 Additional research has shown that WNV immunity in red-winged blackbirds prevents JEV infection, 41 which further supports the potential importance of cross-protective immunity in natural hosts.
The likelihood of JEV reaching this country remains high, and it is generally acknowledged that the lack of theoretical transmission models could hamper the ability to react quickly to such an event.
14 Being able to predict what will happen to animals in the event of a zoonotic disease outbreak like JEV can help us prepare for ways to mitigate the impact on humans, and hopefully, this information can be useful in preventing any future JEV epidemics in the United States. Peak titer < 2 indicates that no detectable viremias were observed in hamsters from these treatment groups. Groups with the same parenthetical letters showed no statistically significant differences in peak viremia. Different letters indicate that a significant difference was detected.
